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Uniform field eddy current (UFEC) probes operate by interrogating flaws 
with a spatially uniform electromagnetic field. Their use in quantitative 
NDE is particularly attractive because theoretical models of the field-flaw 
interaction are greatly simplified by the assumption of a uniform field. 
This in turn leads to much simpler invers ion protocols for determin ing flaw 
sizes from measurements. 
A theory for the interaction of a uniform interrogating field with 
three-dimensional surface flaws in the limit of small skin depth (a/6 » 1) 
has been developed by B. A. Auld and his co-workers at Stanford University 
[1-3J. Last year, E. Smith reported the first quantitative measurements on 
fatigue cracks and EDM notches with an "essentially" uniform field eddy cur-
rent probe, demonstrat ing excellent agreement between theory and experiment 
[4J. 
We report here the results of an extensive series of measurements 
to evaluate in detail the use of uniform field eddy current probes for 
quantitative NDE. As described in a companion paper [5), we designed and 
built two UFEC probes that operate in the frequency ranges of 0.5 to 4 
and 2 to 8 MHz. The probes were calibrated with either cylindrical or 
part-spherical recesses formed by electrical-discharge machining. 
We used these probes to study a number of surface-connected, semi-
elliptical EDM slots and actual fatigue cracks in a variety of materials, 
including 7075 A1, Ti-6A1-4V, and Haynes 188 alloys. Because of the limited 
space available, we report only the results for high-frequency measurements 
on EDM notches and fatigue cracks in Ti-6A1-4V. Flaws ranged in length from 
0.5 to 3.0 mm and in depth from 0.25 to 1.5 mm. 
AII. measurements and calibrations were performed with an automatic net-
work analyzer. We compare measured flaw signals with the predictions of 
Auld's uniform field theory, and the limits of applicabillty of the theory 
are determined. We also explore the accuracy with which flaw depth can be 
determined uSlng a simple leasţ-squares invers ion algorithm. 
*Contribution of the National Bureau of Standards; not subject to copyright 
in the United States. 
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THEORY 
The general âZ theory for the interaction of a spatially uniform 
magnetic field with two- and three-dimensional flaws has been developed by 
Auld et al. [1-3]. In the limit of small skin depth, the change in probe 
impedance caused by a flaw can be represented as 
(1) 
where H/I is the magnetic field strength per unit current, a is the conduc-
tivit" 2 c is the flaw length, âu is the flaw width, 6 is skin depth. IO 
and Iare shape factors that depend only on a/c (a is flaw depth); they must 
be calculated for the particular flaw geometry. The three terms in Eq. 1 
correspond roughly to resistive losses at the crack corners, the wall 
impedance of current flowing over the flaw surfaces, and Faraday induction 
due to the volume enclosed by currents encircling the flaw [2]. 
It is clear from Eq. 1 that the flaw signal âZ is proportional to the 
square of the magnetic field strength and inversely proportional to the con-
ductivity of the workpiece. âZ depends on frequency only through the skin 
depth 6 = {2/~wa. âZ depends strongly upon the flaw length, but depends on 
flaw depth only through IO and 11• 
The I's appropriate to rect angular and semi-elliptical flaws were 
calculated numerically last year at Stanford University and published in 
reference [3]. This year it was discovered that the values for IO for 
semi-elliptical flaws published last year are in error for values of a/c > 
0.35. These were recalculated this year by Steve Jefferies at Stanford and 
the new values are shown in Table 1. For use in the invers ion of flaw 
signals, the numerically calculated values of IO and 11 were fit to 
polynomials by a nonlinear least-squares procedure, giving 
and 
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2 
~O = -3 - 1.35 (~) + 0.66 (~) 
c c 
-0.02 + 2.56 (~) 
c 
2 
+ 1.11 (~) 
c 
3 -1.70(~) 
c 
Table 1. Values for the shape parameter IO used in Eq. 1. 
Courtesy of S. Jefferies, Stanford University. 
a/c IO 
0.1 -3.13 
0.2 -3.25 
0.34 -3.37 
0.5 -3.52 
0.75 -3.64 
(2) 
(3) 
CALIBRATION 
For quantitative measurements calibration is extremely important since, 
to calculate ~Z for a particular probe, it is necessary to know H/I. For air 
core probes, one may calculate this quantity using the results of Dodd and 
Deeds for a vertical coil [6] or Burke for a horizontal coil [7]. But for 
ferrite core probes like the NBS UFEC probe, analytical expressions for the 
field strength are not available and the field strength must either be 
measured or calculated numerically. We chose to use a procedure first 
suggested by B. A. Auld [8J and used last year by Smith [4J. 
The method consists of measuring the impedance change ~z caused by a 
cylindrical recess of depth greater than the skin depth and calculat ing H/I 
from the expression 
~z 
2 
i (L) 2 (4) 
1 o 
where A is the surface area of the recess and d is its depth. This formula 
was adapted by Auld from a microwave perturbation theory solution for a 
smooth dimple in the surface of a perfect conductor [8J. 
Smith found that to obtain agreement of calculated and measured flaw 
signals, the numerical factor of.2 in Eq. 4 had to be replaced by a factor of 
1 [4J. We confirmed his result this year in aur measurements on cylindrical 
recesses in Ti-6A~-4V (o = 5.9 x 105 S/m). For a recess 0.78 mm in diameter 
and 0.83 mm deep (d/o > 2), the values of H/I calculated using the factor of 
1 in Eq. 4 gave excellent agreement of calculated and experimental ~Z values 
for a ser ies of EDM notches. These results are shown in Fig. 8 of reference 
[5J. For another recess 0.77 mm dia. x 0.40 mm deep (d/o = 1), a factor of 
1.2 in Eq. 4 gave good agreement of calculated and measured flaw signals. 
Since these recesses had to be quite deep ta meet the criterion d/o > 2, 
the discrepancy between Eq. 4 and measurement may be related to the fact that 
the cylinders very little resemble a smooth dimple. To approximate more 
closely the theoretical assumptions, we made recesses in the shape of a 
spherical cap in the same titanium alloy. Calibration with a recess that was 
deeper than the skin depth (1.46 mm surface diameter, 0.89 mm radius, and 
0.37 mm depth) gave excellent agreement of theory and experiment for the same 
EDM slots when a factor of 2 was used in Eq. 4 and with the appropriate 
volume substituted for Ad. For a spherical cap approximately the same depth 
as the skin depth (0.67 mm surface diameter, 0.42 mm radius, and 0.19 mm 
depth), a factor of 4 gave the best results. Thus, we find that Eq. 4 may be 
generalized to 
(5 ) 
where V is the volume of the recess (either cylindrical or spherical) and 
C is an empirical shape factor whose value depends an the shape and depth of 
the recess relative ta O, as described above. 
Recently, R. Collins and his colleagues at University College London 
have derived analytical expressions for the electric and magnetic fields 
inside axisymmetric surface flaws (including cylinders and spherical caps) 
interrogated with a uniform field in the small skin depth limit [9, 10J. 
This raises the possibility of calculat ing ~Z exactly for cylindrical and 
spherical-cap recesses. 
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Another possible calibrat ion method is to measure âZ for an EDM notch of 
known dimensions, then to determine H/I by forcing the calculated flaw sig-
nals into agreement with experimental signals. Results of calibrating the 
NBS UFEC probe using these different methods are shown in Figure 1. Agree-
ment is excellent among the different calibrat ion procedures, except at the 
lowest frequencies, where d/~ < 2 for two of the artifacts. 
EXPERIMENT 
As described in the companion paper [5], alI measurements were made with 
a computer-control led automatic network analyzer that measured probe impe-
dance at 401 discrete frequencies distributed uniformly over the frequency 
range of 2 to 8 MHz. Each measurement was the result of signal averaging 
64 times; no fewer than five independent measurements on each flaw were 
smoothed with a ten-point running average and then averaged to obtain the 
final result. A measurement consisted of measuring the impedance of the 
probe on and off the flaw over the stated frequency range, and then computing 
the vector difference of the two impedances. 
The probe was positioned by a computer-control led x-y positioner. 
Liftoff in the z direction was controlled with a manual micropositioner; tilt 
in the x-z and "y-z planes could be independently adjusted. As described in 
reference [5], the probe was extreffiely sensitive to changes in tilt or 
liftoff during the measurements and it was necessary to control these 
parameters very closely. 
A series of five semi-elliptical EDM slots were prepared in a specimen 
of Ti-6AR.-4V 7.5 cm wide, 21" cm long, and 1 cm thick. They ranged in length 
from 0.5 to 2.5 mm and in depth from 0.33 to 1.05 mm; their exact dimensions 
are given in Table 2 of reference [5]. The fatigue cracks that we studied 
were grown in similarly sized specimens of Ti-6Ai-4V by W. Rummel and co-
workers [11]. They were grown in cantilevered bending. The lengths and 
estimated depths of these flaws are shown in Table 2. Lengths were meas-
ured optically during growth of the cracks; depths were estimated from 
the lengths using the expected aspects ratio of al c = 0.67. Three ad-
ditional fatigue cracks in a Ti-6A~-4V specimen 3.5 cm x 23 cm x 0.6 
that were measured are also shown in Table 2 (MM2A-C). 
RESULTS 
The magnitude and phase" of âZ for four of the semi-elliptical EDM 
slots are shown in Fig. 2 and 3, where they are compared with calculated 
signals obtained using the spherical-cap calibration method to determine 
H/I. Corresponding results obtained using a ccylindrical recess to cali-
brate the probe are shown in Fig. 8 of reference [5]. 
For both calibration methods the agreement between the calculated and 
measured magnitude of âZ is excellent for the larger flaws (within ±5 per-
cent). For frequencies less than 3 MHz, theory and experiment diverge some-
what owing to the fact that d/~ for the calibration recesses fell below 2.0 
at these frequencies. The effect is more pronounced in the case of the 
cylindrical recess calibrat ion. The agreement between theory and experiment 
for the phase of âZ is better for the spherical calibratlon method, and this 
is the calibrat ion method we use in the remainder of this paper. 
For the smallest flaw shown in Figure 2, NBS15D, theory and experiment 
diverge for frequencies below 7 MHz, but at this frequency a/6 for this flaw 
is only 1.6. This shows that the limits of applicability of the theory 
extend to a/~ = 1.6, which is less conservative than the usual estimate of 
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Fig. 1. Calibrat ion curves of magnetic-field intensity per unit current 
for uniform field eddy current probe, obtained using three 
different types of artifacts. 
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Fig. 2. Measurements (solid lines) of the magnitude of the flaw signals 
from four different semi-elliptical EDM slots in Ti-6Ai-4V 
compared with theoretical predictions (symbols). 
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Fig. 3. Measurements (solid lines) of the phase of the flaw signals 
from four different semi-elliptical EDM slots in Ti-6A~-4V 
compared with theoretical predictions (symbols). 
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Table 2. Ti-6A~-4V Fatigue Cracks 
Specimen Length Estimated 
ID ( mm) Depth 
(mm) 
NBSF1A 2.87 0.96 
NBSF1B 2.50 0.83 
NBSF2A 0.43 0.14 
NBSF2B 0.42 0.14 
NBSF3A 0.99 0.33 
NBSF3B 0.98 0.33 
NBSF4A 1.37 0.46 
NBSF4B 1. 51 0.50 
NBSF5A 1.25 0.45 
NBSF5B 2.08 0.69 
MM2A 3.18 1.06 
MM2B 1.52 0.51 
MM2C 0.76 0.25 
would have required operating the probe at 15 MHz. The excellent agreement 
between theory and experiment is very encouraging, because no adjustable 
parameters were used in calculating flaw signals. 
A comparison of measured and calculated flaw signals for five fatigue 
cracks in Ti-6A~-4V is shown in Figure 4. Flaw dimensions used for the cal-
culations were the optically measured lengths and estimated depths shown in 
Table 2. Flaw width was arbitrarily set to 1 pm. Changing the crack width 
to 10 pm increased ~Z by only 3-4 percent. As shown in Figure 4, the agree-
ment between theory and experiment is excellent for these fatigue cracks, 
which ranged in length from 1.0 to 1.5 mm. For the smallest fatigue cracks 
we examined (NBSF2A and B, results not shown) the condition alo > 1.6 could 
not be attained. 
A similar comparison for four of the larger fatigue cracks (2c = 2.0-
3.2 mm) is shown in Figure 5. For these four flaws the measured flaw signal 
was consistently lower than the flaw signal calculated using estimated flaw 
sizes. The difference in depth necessary to account for the discrepancy 
ranged from 32 to 42 percent, as determined by using the inversion procedure 
described below. These differences are discussed more fully in the next 
section. 
INVERSION 
With the exception of the puzzling results shown in Figure 5, the agree-
ment between theory and experiment is excellent for both EDM slots and 
fatigue cracks. This suggests that a simple invers ion procedure may be 
devised to determine the flaw sizes from eddy current measurements. Possible 
approaches to the complete invers ion problem have been considered before [2J. 
In principle, it is possible to derive both the length and depth of a fatigue 
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crack from measurements at three or more frequencies. However, as shown in 
Eq. 1, ~Z depends strongly on flaw length, but only indirectly on flaw depth 
through the dependence of IO and 11 on ale. Rather than attempting a full 
invers ion, we assumed that the length of the flaw could be determined easily 
with a conventional, nonuniform field probe using the imaging concepts sug-
gested by Auld to determine flaw length from the shape of the flaw profile 
obtained from a se an down the length of the flaw [12J. 
lf the flaw length is known, it is quite simple to invert the measure-
ments to obtain flaw depth. This is the approach we took. Flaw length was 
assumed to be the actual length of the flaw in the case of the EDM notches 
or, in the case of fatigue cracks, the' optically measured length. Flaw depth 
was then determined by minimizing the root-mean-square difference between 
measured and calculated flaw signals. This was accomplished on a portable 
microcomputer using a commercial spread sheet program to demonstrate the 
simplicity of the invers ion procedure. 
Results of using this invers ion method to estimate the depths of the 
EDM notches we measured are shown in Fig. 6a. In alI but one case the 
predicted depths are within ±O.l rom of the actual depth. Results for the 
invers ion of the fatigue crack meas urements are shown in Fig. 6b. For the 
smaller flaws (a < 0.5 rom), the invers ion results are also excellent, but 
for the Iar ger flaws the dis crepancies firs t shown in Fig. .5 are evident. 
The nature of the discrepancy in the invers ion results is such that 
measured flaw signals underpredict the flaw depths by up to 42 percent. 
Because this can have serious implications when using eddy current methods 
to size flaws, we broke open four flaws, three of which exhibited serious 
discrepancies, to determine their actual sizes. The results are listed in 
Table 3; they show that in alI cases the actual flaw dimensions were close 
to the estimated dimensions. The flaw lengths listed in Table 3 under the 
heading "NBS Prediction" were determined by etching the specimen surface and 
then measuring the flaw length with the specimen in an unloaded condition, 
us ing a traveling microscope. Flaw depths were then calculated by using this 
length as an input to the invers ion procedure described before. This method 
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Fig. 6. Inversion results for (a) semi-elliptical EDM slots and (b) fatigue 
cracks in Ti-6A~-4V. Flaw depths predicted by the invers ion proce-
dure are plotted against the actual depths, or, in the case of un-
broken fatigue cracks, the estimated depth. 
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Table 3. Ti-6A~-4V Fatigue Crack Results 
Specimen MM Estimate NBS Prediction Actual Per cent 
ID 2c a 2c a 2c a Difference 
(mm) (mm) (mm) (mm) (mm) (mm) ( Depth) 
NBSF1A 2.87 0.96 2.54 0.78 2.98 1. 15 -32% 
NBSF1B 2.50 0.83 2.07 0.60 2.62 1.01 -41% 
NBSF5A 1.25 0.42 1. 25 0.30 1. 31 0.40 -25% 
NBSF5B 2.08 0.69 1.57 0.46 2.16 0.79 -42% 
underestimated the flaw depths by up to 42 percent.- For one of the flaws 
that was broken (NBSF5A), the predicted depth was only 0.1 mm less than the 
actual depth; this is considered acceptable agreement. 
The discrepancy in inverted flaw depths is difficult to explain. The 
excellent agreement between theory and experiment for EDM slots and smaller 
fatigue cracks would seem to indicate the theory is valid as long as the 
condition a/6 > 1.6 is met. There is no reason to expect the theory to break 
down for fatigue cracks, since we found good agreement in some cases. It is 
difficult to ascribe the problem to measurement errors, since the discrepancy 
arises for larger flaws, where. the signal-to-noise ratio is highest. It also 
seems unlikely that random errors would.result in uniformly underestimating 
flaw sizes. One possible explanation that is consistent with the observa-
tions is that closure forces on the crack faces caused partial contact, 
short-circuiting the eddy currents flowing around the flaw. That this should 
only occ~r for the longer cracks is consistent with the fact that the longer 
cracks had a greater stress intensity factor dur ing growth. This could cause 
greater plastic deformation at the crack tip, leading to greater closure 
forces. But, before this can be considered a valid explanation of the 
observed discrepancies, a more conclusive experiment needs to be performed 
demonstrat ing that 6Z changes when the crack is opened under load. 
CONCLUSIONS 
A UFEC probe was designed and fabricated at NBS and used to study a 
series of semi-elliptical EDM slots and fatigue cracks in Ti-6A~-4V. From 
this study the following conclusions emerge: 
Calibrat ion of a UFEC probe can be carried out with any of three cali-
brat ion artifacts -- cylindrical recess, spherical cap, or EDM slot. 
Empirical shape fac tors needed to calculate H/I were determined for 
cylindrical and spherical recesses. 
Measurements on alI EDM slots and those fatigue cracks less than 1.5 mm 
long were in excellent agreement with the predictions of Auld's uniform 
field theory for a/6 > 1.6. 
For larger fatigue cracks, measurements underestimated flaw depth by up 
to 42 percent. Crack closure forces acting on the longer cracks is one 
possible explanation that is consistent with experimental observations. 
A simple method for inverting UFEC measurements to obtain flaw depth 
when the length is known was demonstrated. Predicted depths were 
within ±O.1 mm in the absence of possible closure effects. 
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